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1  Summary 

Using  fourier-transform  infrared  spectroscopy,  we  monitored  the  hydrolytic  degradation  of 
OTS  encapsulated  within  a  polyurea  shell.  The  degradation  was  so  slow  over  the  course  of  one 
month  that  it  was  easier  to  monitor  1PD1  degradation  instead.  We  found  first  order  reaction 
kinetics  with  an  activation  energy  of  roughly  46  kJ/mol. 


2  Project  Goals  and  Objectives 

The  four  milestones  for  phase  IV  are  as  follows: 

1.  Develop  on  site  inspection  method  for  monitoring  self-healing  and  coating  health  by  month  3. 

2.  Develop  a  method  for  continuous  monitoring  of  OTS  degradation  by  month  5. 

3.  Demonstrate  a  method  for  measuring  the  fraction  of  broken  microcapsules  as  a  function  of 
shear  stress  by  month  6. 

4.  Establish  baseline  metrics  for  qualifying  batches  of  microcapsules  from  the  manufacturing 
process  by  month  12. 

3  Key  Accomplishments 

3.1  Quantification  of  Microcapsule  Composition 

Up  to  this  point  in  this  program,  the  microcapsule  composition  was  only  quantified  in  terms 
of  the  fraction  of  liquid  and  solid.  Acquired  using  thermogravimetric  analysis  (TGA),  the 
measurements  were  performed  sparingly.  The  consensus  was  that  the  65%  OTS  microcapsules 
were  approximately  35%  polymer  by  weight  and  65%  OTS,  as  expected.  The  measurements 
seemingly  indicated  that  the  IPD1  was  completely  consumed  by  the  interfacial  polymerization 
with  water,  PEI,  and  DETA. 
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Transmission  FT-IR  Spectra  Of  BCI/OTS  Mixtures 


1  2 


Figure  1.  FTIR  spectrum  for  65%  OTS  microcapsule  with  major  absorption  peaks  identified. 


Fourier-transform  infrared  spectroscopy  measures  the  infrared  absorption  peaks  caused  by 
thermal  vibrations  to  accurately  identify  the  presence  of  various  organic  functional  groups.  One 
can  use  Beer's  Law  to  quantify  the  concentration  of  each  chemical  species  by  calibrating  the 
height  of  the  absorption  peak  with  the  molar  concentration.  Figure  1  shows  that  the  1 193  cm'1 
peak  can  be  assigned  to  OTS,  while  the  2257  cm'1  peak  can  be  assigned  to  IPDI. 
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Figure  2.  Average  of  six  FTIR  measurements  showing  the  weight  percent  of  OTS  and  IPDI. 

This  technique  yielded  an  average  OTS  concentration  of  61%  with  a  standard  deviation  of 
1 .5%,  and  an  IPDI  concentration  of  1 .3%  with  a  standard  deviation  of  0.077%.  The  technique  is 
used  routinely  to  compare  every  sample  with  the  expected  baseline  values. 
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3.2  OTS  Hydrolysis 


100  mg  aliquots  of  65%  OTS  microcapsules  were  placed  in  water  and  heated  to  a  fixed 
temperature  for  extended  periods  of  time  to  measure  the  temperature  dependence  of  hydrolysis. 
Five  temperatures  were  used  in  all:  30.  35,  40,  45,  and  50°C.  The  OTS  and  IPDI  concentrations 
were  measured  at  each  temperature  periodically  to  record  the  amount  of  hydrolytic  degradation 
using  FTIR.  The  OTS  concentration  did  not  decrease  appreciably  over  time.  We  therefore 
monitored  the  degradation  of  IPDI  instead.  Due  to  its  greater  reactivity,  the  IPDI  likely 
scavenges  water  and  protects  the  OTS  before  being  consumed. 


t  i - 1  i  i 

0  10  20  30  40 

Time  (Day) 


Figure  3.  OTS  concentration  plotted  versus  time  and  grouped  by  temperature. 
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Figure  4.  (left)  IPDI  concentration  normalized  versus  OTS  concentration  and  plotted  versus 
time  and  grouped  by  temperature,  (right)  The  log  of  the  initial  concentration  divided  by  the  final 
concentration  is  plotted  on  the  right.  The  slopes  of  the  linear  fits  correspond  to  the  1st  order 
reaction  rate  constant. 


The  first  order  reaction  rate  constant  (k)  can  be  calculated  by  plotting  the  natural  log  of  the 
initial  concentration  (Ao)  divided  by  the  final  concentration  (A,)  versus  time  (t).  By  doing  so  at 
each  temperature,  one  can  generate  an  Arrhenius  plot  to  determine  the  activation  energy  of  the 
reaction  (Ea).  Shown  in  Figure  5,  we  see  that  the  activation  energy  comes  out  to  47  kJ/mol. 

Since  IPDI  reacts  much  more  quickly  with  water  at  these  temperatures  than  what  is  measured 
here,  the  hydrolysis  must  be  diffusion  rate  limited  due  to  the  microcapsule  shell.  This  activation 
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energy  therefore  corresponds  to  the  temperature  dependence  of  water  diffusion  through  the  shell. 
Note  that  the  polyurea  shell  in  this  case  contains  silica  inclusions. 
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Figure  5.  Arrhenius  plot  for  the  hydrolysis  of  IPDI. 


Knowing  the  activation  energy  allows  us  to  calculate  the  expected  degradation  rate  at 
different  temperatures  and  relative  humidities.  For  example,  one  can  compare  the  expected  rate 
of  degradation  at  40°C  and  100%  relative  humidity  versus  25°C  and  50%  relative  humidity.  The 
hydrolysis  would  be  roughly  7x  faster  at  the  higher  temperature,  meaning  that  samples  soaked  in 
water  for  1  month  at  40°C  is  equivalent  to  7  months  at  ambient  conditions. 

3.3  Next  Steps 

Since  it  is  the  first  milestone,  the  next  immediate  step  is  to  develop  an  in  situ  test  method  for 
monitoring  self-healing  and  the  health  of  the  coating  in  service.  We  propose  the  use  of  a 
handheld  fluorescence  microscope  to  image  the  tracer  dye  that  is  placed  within  all 
microcapsules.  The  fluorescence  signal  should  facilitate  the  identification  of  OTS  liquid, 
whether  it  remains  within  intact  microcapsules,  or  whether  it  has  flowed  across  the  scratches. 
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